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University, Columbus, OhioABSTRACT Rhodopsin is a kinetically stable protein constituting >90% of rod outer segment disk membrane protein. To
investigate the bilayer contribution to rhodopsin kinetic stability, disk membranes were systematically disrupted by octyl-b-D-
glucopyranoside. Rhodopsin kinetic stability was examined under subsolubilizing (rhodopsin in a bilayer environment perturbed
by octyl-b-D-glucopyranoside) and under fully solubilizing conditions (rhodopsin in a micelle with cosolubilized phospholipids).
As determined by DSC, rhodopsin exhibited a scan-rate-dependent irreversible endothermic transition at all stages of solubili-
zation. The transition temperature (Tm) decreased in the subsolubilizing stage. However, once the rhodopsin was in a micelle
environment there was little change of the Tm as the phospholipid/rhodopsin ratio in the mixed micelles decreased during the
fully solubilized stage. Rhodopsin thermal denaturation is consistent with the two-state irreversible model at all stages of solu-
bilization. The activation energy of denaturation (Eact) was calculated from the scan rate dependence of the Tm and from the rate
of rhodopsin thermal bleaching at all stages of solubilization. The Eact as determined by both techniques decreased in the sub-
solubilizing stage, but remained constant once fully solubilized. These results indicate the bilayer structure increases the Eact to
rhodopsin denaturation.INTRODUCTIONIn recent years it has become clear that many proteins are
kinetically stable. These proteins may or may not also
exhibit thermodynamic stability (1). In the simplest case,
the native, biologically active state of a kinetically stable
protein need not be the thermodynamically favored state.
However, the native state is protected from denaturation
by an energy barrier. Although this energy barrier may
inhibit the formation of the final denatured state, it may
also function to reduce the occurrence of intermediate states
that may be prone to aggregation (2–4). Additionally, it has
been proposed that kinetic stabilization may allow func-
tional properties to be optimized (5). Finally, because kinet-
ically stable proteins exhibit a finite lifetime, this type of
stability could serve as a timer for biological function
(5–11). Several membrane proteins have been shown to
undergo thermal denaturation in a kinetically controlled
manner. We have shown both rhodopsin and opsin to be
kinetically stable (12,13). Other examples include cyto-
chrome c oxidase (14), bacteriorhodopsin (15), the GLUT
1 receptor (16), the sarcoplasmic reticulum Ca2þ ATPase
(17,18), and erythrocyte ghost proteins (19).
Integral membrane proteins are imbedded in the matrix of
the lipid bilayer. The membrane bilayer supports a complex
interplay between the lipids and proteins that stabilizes the
function and structure of the imbedded proteins. Many years
ago it was observed that integral membrane proteins typi-
cally lose function once removed from the bilayer by deter-
gent solubilization (20,21). However, the mechanism ofSubmitted November 1, 2010, and accepted for publication May 9, 2011.
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elusive. To further our understanding of the role of the
bilayer environment, we have investigated the changes in
the kinetic stability of rhodopsin as the native rod outer
segment disk membrane is disrupted and finally completely
solubilized by the nonionic detergent, octyl b-D-glucopyra-
noside (OG).
The rod outer segment disk membrane is particularly
amenable to investigations of protein stabilization by the
lipid bilayer and to investigations of protein-lipid interac-
tions. The integral membrane protein of the disk membrane
is greater than 90% rhodopsin (22). Therefore, biophysical
measurements of the native disk membrane proteins
overwhelmingly reflect rhodopsin properties in the native
membrane environment. Furthermore, the photoreceptor
rhodopsin exists in two forms that exhibit strikingly
different stabilities. Therefore, two forms of the protein
can be investigated. The dark-adapted form, rhodopsin has
a bound chromophore, 11-cis-retinal. Opsin is the apopro-
tein and is formed upon exposure to light. It has long been
recognized that rhodopsin exhibits greater thermal stability
than opsin (23). Differential DSC has shown that rhodopsin
has a Tm ~15
C higher than opsin (24–27) and a higher acti-
vation energy of denaturation (Eact) (12). When opsin and
rhodopsin are present in the same membrane, the endo-
thermic thermal transitions of the two forms do not affect
one another indicating that opsin and rhodopsin behave as
independent monomers before denaturation (13).
These studies are designed to demonstrate that the bilayer
plays a critical role in the kinetic stability of rhodopsin/opsin.
In this study, we systematically altered the environment of
rhodopsin and opsin by disrupting the disk membrane usingdoi: 10.1016/j.bpj.2011.05.015
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anism of solubilization of the diskmembrane byOGhas been
well characterized (21,28,29). Here, we show that as the
membrane bilayer is disrupted, the Eact to rhodopsin and
opsin thermal denaturation is dramatically lowered. How-
ever, no additional lowering of Eact is observed with further
detergent addition once rhodopsin is in mixed micelles,
regardless of the phospholipid/rhodopsin ratio in the
micelles. These data indicate the intact bilayer is critical to
the kinetic stability of rhodopsin and opsin.MATERIALS AND METHODS
Preparation of disk membranes
Fresh bovine retinas were obtained from Lawson (Lincoln, NE). Rod outer
segments (ROS) were isolated from bovine retinas as described (22).
Osmotically intact disk membranes were isolated from ROS as described
(30). Disks were washed at least twice in 10 mM potassium phosphate
(KPO4
), pH 7.0, by centrifugation. Rhodopsin concentration was deter-
mined from the change in absorbance at 500 nm after photobleaching in
the presence of 0.05 M hydroxylamine using the molar extinction coeffi-
cient of 40,000 cm1M1. All isolation was conducted under dim red light.
Disks were bleached by exposure to continuous white light for 1 min.Solubilization in octyl b-D-glucopyranoside
OG was purchased from Calbiochem (La Jolla, CA, Cat. No. 494459). Disk
membrane aliquots were solubilized at concentrations of 5, 6.7, 10, 13.3,
20, 50, 75, 100, and 200 mM OG in 10 mM KPO4
, pH 7.0. The rhodopsin
concentration was 1.5 mg/ml rhodopsin for all samples. Aliquots were
stored at 80C after solubilization.DSC
DSC was performed using a MicroCal VP-DSC microcalorimeter (North-
ampton, MA). All buffers and samples were degassed (10 min, 20C) in
a MicroCal Thermovac. Samples were loaded under dim red light. Samples
were heated from 20C to 120C at scan rates of 1.5C/min, 1.0C/min,
0.5C/min, and 0.25C/min. Two consecutive scans were recorded for
each sample. The second scan was transitionless and used as a baseline
for the first scan. Analysis of DSC data was conducted using MicroCal
Origin 5.0 software. The Tm was determined from the maximum of each
transition. The peak width at half height, t1/2, was determined by Origin.
The apparent calorimetric enthalpy (DHcal) was determined by the integra-
tion of each transition peak from the baseline.
The Eact was determined from the scan rate dependence of the Tm using
the following equation (31):
lnðscanning rate=T2mÞ ¼ const
Eact
RTm
;
where Tm is the transition peak maxima and R is the universal gas constant.
The Eact was also determined at selected OG concentrations from its
dependence on the peak height (Cp
max) relative to the area of the transition
peak (Qt) using the following equation (31):
Eact ¼ eRCmaxp
Tm
Qt
:
The fits of the data to the two-state irreversible model were carried out as
described (2,32).Thermal bleaching kinetics of rhodopsin
Rhodopsin thermal bleaching kinetics was examined using 20 ml aliquots
(1.5 mg/ml) of rhodopsin at temperatures ranging from 5C to 10C below
the temperature of thermal denaturation to 1–2C above the Tm of thermal
denaturation determined from DSC. For example, rhodopsin in the native
disk membrane was heated to temperatures between 63C and 74C for
4–90 min. Aliquots were sequentially removed from heat at timed intervals.
The concentration of rhodopsin that resisted thermal bleaching was deter-
mined from the change in absorbance at 500 nm after photobleaching in
the presence of 0.05 M hydroxylamine using the molar extinction coeffi-
cient of 40,000 cm1M1. The Eact of thermal bleaching was determined
from the Arrhenius expression:
ln
k1
k2
¼ Eact
R

1
T2
 1
T1

;
where k1 and k2 are the velocity constants of thermal bleaching at absolute
temperatures T1 and T2, and R is the universal gas constant.Statistical analysis of Eact data
The data for Eact versus OG for Eact determined calorimetrically and Eact
determined spectroscopicallywere analyzed in two subsets. Thevalues above
andbelow the 30mMOGthresholdwere taken separately.Below30mMOG,
the data were analyzed using ordinary least squares regression. To assess the
colinearity of DSC Eact and spectroscopically determined Eact, an indicator
variable process was added to a linear model already containing OG concen-
tration. The statistical significance of this indicator variable showswhether or
not the two processes generate different values of Eact given a value of OG.
Above the 30 mMOG threshold, we built another linear model predicting
Eact from the value of OG and a variable indicating which process was used.
The statistical significance of the slope coefficient for OG concentration
indicates if OG concentration is an important predictor of Eact, or if Eact
and OG concentration appear to be independent. Similar to the previous
model, the indicator variable in our linear model shows whether or not
the two processes generate different values of Eact given a value of OG.
Due to the paucity of data, we also compared the two processes using the
Wilcoxon rank-sum test. The Wilcoxon test is the nonparametric analog of
the two-sample t-test. If the p-value for the indicator variable in our linear
model is similar to the p-value in the nonparametric test, we can be
confident that our linear model is not in violation of its distributional
assumptions.RESULTS
Membrane disruption by octyl
b-D-glucopyranoside
To determine the dependence of the kinetic stability of
rhodopsin and opsin on the integrity of the disk lipid bilayer,
it was important to disrupt the membrane in a well-defined
manner. The stages of disk membrane solubilization by OG
have been described in detail (21,33). Briefly, Stubbs and
Litman demonstrated that solubilization proceeds in specific
stages. In the first stage OG partitions into the bilayer and
saturates it. Subsequent to detergent saturation, the bilayer
fragments and mixed micelles of rhodopsin, phospholipids,
and detergent are released. The final stage occurs when the
detergent is above its critical micelle concentration, 20 mM
(28,34). In this final stage rhodopsin, phospholipids, and
detergent exist in mixed micelles in which the lipid mayBiophysical Journal 100(12) 2946–2954
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is raised well beyond its critical micelle concentration , the
ratio of phospholipid/rhodopsin in the detergent micelles
decreases. In the studies presented here membrane disrup-
tion is divided into subsolubilized and solubilized stages.Membrane disruption results in a decrease of the
rhodopsin and opsin Tm
DSC was used to monitor the effects of detergent disruption
of the native disk membrane bilayer on rhodopsin and opsin.
Thermograms of ROS disks and solubilized disk membranes
were obtained between 20C and 120C. This temperature
range allowed the endothermic transition and an apparent
exothermic transition of rhodopsin in disk membranes under
subsolubilized and solubilized conditions to be observed.
However, due to the coin-shaped cells in theVP-DSC (Micro-
Cal) used for these experiments the exothermic transition
may result from a change in sample viscosity upon protein
aggregation. Therefore, this transition is not further analyzed
in this study. The three thermograms shown in Fig. 1 represent
critical points in disk membrane solubilization. Under our
experimental conditions (1.5 mg/ml rhodopsin), at 20 mM
OG the bilayer is saturatedwithOGand themembrane begins
to fragment. At 100 mM OG, rhodopsin is predominately
found in mixed micelles with a phospholipid/rhodopsin ratio
of ~10:1. From these thermograms it is clear that the
rhodopsin endothermic transition and the exothermic transi-
tion are sensitive to membrane disruption by OG.
The dependence of the Tm on the extent of membrane
disruption was investigated at OG concentrations that corre-
spond to subsolubilizing levels through complete solubiliza-
tion of the disk membranes. As is typical for irreversible
processes, the transitions are asymmetric. Therefore, in theseFIGURE 1 Thermograms of osmotically intact disk membranes (black)
and of disks solubilized in OG at concentrations of 20 mM (dark gray)
and 100 mM (light gray). The scan rate for each thermogramwas 1.5 K/min.
Biophysical Journal 100(12) 2946–2954studies Tm was determined at the maximum of the transition.
Rhodopsin is a kinetically stable membrane protein and as
such its transition temperature (Tm) is scan-rate dependent
(12). Each Tm was determined at four different scan rates.
The dependence of the Tm on the degree of solubilization
is shown in Fig. 2 for each of the four scan rates. If these
curves were fit to two straight lines they would intersect
at ~30 mM OG. On the basis of the study by Stubbs and
Litman (21), at a rhodopsin concentration of 1.5 mg/ml,
30mMOG is sufficient to solubilize all of the diskmembrane
rhodopsin. Thus, this is the transition to the solubilized state
in which rhodopsin exists entirely in mixed micelles with
phospholipid and OG. At this point ~30 phospholipids/
rhodopsin molecule are present with OG in a mixed micelle
(21). Although this is a sufficient number of phospholipids to
provide an annular ring around the protein, the arrangement
of the phospholipids and rhodopsin within the micelle is
unknown. Additional detergent generates mixed micelles
containing rhodopsin with decreasing phospholipid content.
At the highest concentration (200 mM OG) used in these
experiments approximately four phospholipids were, on
average, in the micelle with rhodopsin.
The effect of OG solubilization on opsin was also inves-
tigated. As shown in Fig. 2, at subsolubilizing OG concen-
trations the Tm of opsin decreases significantly with
increasing OG concentration. However, in the time frame
of our experiments, OG solubilized opsin denatures at
room temperature (33). At ~20 mM OG the Tm approaches
room temperature. Therefore, DSC studies at higher OG
concentrations were not feasible.Membrane disruption broadens the transition
We determined the width of each transition at one-half peak
height. In Fig. 3 the width of the transition at one-half peakFIGURE 2 Tm of rhodopsin (triangles) and opsin (circles) thermal dena-
turation as a function of detergent concentration. The data were obtained
at scan rates of 1.5 (black), 1.0 (dark gray), 0.5 (gray), and 0.25 (light
gray) K/min.
FIGURE 3 Peak width at half height (t1/2) for rhodopsin (squares) and
opsin (triangles) thermal denaturation at each detergent concentration.
The were obtained at scan rates of 1.5 (black), 1.0 (dark gray), 0.5 (gray),
and 0.25 K/min (light gray) K/min.
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detergent partitions into the bilayer and then remains essen-
tially constant after rhodopsin is fully solubilized. As in
Fig. 2, if this curve is fit with two straight lines, they inter-
sect at ~30 mM OG. The width of the transition at one-half
peak height of the opsin transition also increases signifi-
cantly as detergent partitions into the bilayer. However, as
described earlier opsin could not be investigated at solubi-
lizing concentrations of OG.
The calorimetric enthalpy (DHcal), the area under the tran-
sition curve is the heat measured for the transition. We did
not observe any significant change in DHcal with increasing
detergent concentration (data not shown). That is, the heat
absorbed during the endothermic phase of thermal denatur-
ation appears to be independent of bilayer disruption.Membrane disruption results in a decrease in
rhodopsin and opsin Eact of thermal denaturation
The thermal denaturation of rhodopsin is irreversible. The
Lumry-Erying model (35) has been used to describe the irre-
versible thermal denaturation of rhodopsin and opsin
(12,13). In this model the native protein is in equilibrium
with an unfolded specie(s) that can then undergo an irrevers-
ible denaturation:
N5U0D:
The consequences of this model have been discussed in
detail elsewhere (1,4). Briefly, in a very simple case, if the
conversion of U to D is slow relative to the rate of U conver-
sion back to N, the equilibrium will dominate before the
thermal transition. That is, before the transition temperature
the formation of D is negligible. In this case the thermal
transition will be essentially independent of scan rate andequilibrium thermodynamics can be employed to investi-
gate the equilibrium process. As shown in Fig. 2, the Tm
of rhodopsin is scan-rate dependent, consistent with conver-
sion to D before the Tm.
It is also possible that the N to U equilibrium dominates
before the Tm, but the protein rapidly aggregates after the
Tm is reached. In this case it would be expected that if the
protein were heated to temperatures approaching, but lower
than the Tm reversibility would be observed. To examine this
possibility, disk membranes were heated to temperatures
approaching the Tm then cooled and rescanned. Revers-
ibility of the denaturation was not observed. This is consis-
tent with earlier studies that showed rhodopsin irreversibly
denatured at 55C (36).
Finally, the Lumry-Erying model can be represented by
the two-state irreversible model if the rate of U conversion
to D, which is the irreversible step, is sufficiently rapid on
the experimental time scale that the concentration of U is
always very small. Thus, only N and D will be present in
significant amounts. N to U conversion is rate limiting if
the rate of formation of U to D is rapid relative to the rate
of U conversion back to N. In this case significant formation
of D will occur during the transition, before the Tm and the
Tm will be dependent on the scan rate. This scan rate depen-
dence of Tm is characteristic of protein thermal denaturation
that is under kinetic control. This thermal denaturation may
be described as a two-state irreversible transition that
exhibits first-order kinetics if the experimental calorimetric
data are in good agreement with the Arrhenius equation
(1,4). The rhodopsin calorimetric transitions are consistent
with this case. In Fig. 4 the DSC thermograms are superim-
posed on a fit to the two-state irreversible model determined
as described by Rodriguez-Larrea et al. (32). Furthermore,
the rate constant determined from the calorimetric data for
a two-state irreversible process should be independent of
scan rate (1,4). An Arrhenius plot (Fig. 5) shows that rate
constants determined for rhodopsin in the native disk, at
20 mM OG and under solubilizing conditions (100 mM
OG), are independent of scan rate. Therefore, the two-state
irreversible model adequately describes the thermal denatur-
ation of rhodopsin in the native disk and provides an excel-
lent description of the thermal denaturation of rhodopsin in
the presence of OG. This may reflect a more complex protein
and lipid organization in the native membrane.
Equilibrium thermodynamic parameters cannot be
derived from calorimetric data of kinetically controlled
processes. However, calorimetric data can be used to calcu-
late the activation energy of thermal denaturation (Eact). In
this study, Eact was calculated from the scan rate dependence
of the Tm (31). As described in the methods, Eact for the tran-
sitions were calculated from the slopes of the lines shown in
Fig. 6. This method relies only on the scan rate dependence
of the Tm. This was our primary method of calculating Eact
because it was not observed to be sensitive to baseline
determinations.Biophysical Journal 100(12) 2946–2954
FIGURE 5 Arrhenius plots for the thermal denaturation of rhodopsin in
intact disk membranes, in 20 mM, and in 100 mM OG. First-order rate
constants were derived from the irreversible denaturation of the protein
according to the two-state model. The different symbols used indicate the
scan rates of each experiment (circles, 0.25 K/min; diamonds, 0.5 K/min;
squares, 1 K/min; triangles, 1.5 K/min.)
FIGURE 4 Comparison of experimental DSC thermograms of rhodopsin
at the indicated scan rates (continuous gray lines) to calculations based on
the two-state irreversible model (black diamonds). The thermograms have
been staggered in the y axis for clarity. (A) Rhodopsin in intact disk
membranes. (B) Rhodopsin in 20 mM OG. (C) Rhodopsin in 100 mM OG.
A
B
FIGURE 6 (A) Plot of ln(scan rate/Tm
2) versus 1/Tm for the thermal dena-
turation of rhodopsin. Rhodopsin Tm was determined at 0 (black squares),
5 (gray squares), 10 (light gray squares), 20 (black triangles), 50 (gray
triangles), 100 (light gray triangles), and 200 (black circles) mM OG.
(B) Plot of ln(scan rate/Tm
2) versus 1/Tm for the thermal denaturation of
opsin. Opsin Tm was determined at 0 (black squares), 10 (gray squares),
and 20 (light gray squares) mM OG. Each Tm was determined at scan rates
of 1.5, 1.0, 0.5, and 0.25 K/min.
2950 Corley et al.The dependence of Eact on the extent of membrane solu-
bilization is shown in Fig. 7. Under subsolubilizing condi-
tions, as OG partitions into the bilayer, the Eact of
rhodopsin and opsin decrease in a similar manner. The
Eact decreases from 160 kcal/mol to 100 kcal/mol for
rhodopsin and from 120 kcal/mol to 60 kcal/mol for opsinBiophysical Journal 100(12) 2946–2954as the OG concentration increases from 0 to 25 mM. The
rhodopsin Eact then remains unchanged with further
increases in OG concentration. (As discussed previously,
Bilayer and Rhodopsin Kinetic Stability 2951opsin Eact cannot be determined by DSC under fully solubi-
lizing conditions due to rapid irreversible denaturation when
solubilized.) If the data for rhodopsin Eact under subsolubi-
lizing and solubilizing conditions are fitted independently as
two straight lines, the lines intersect at ~30 mM OG, the
point at which rhodopsin is in mixed micelles with ~30
phospholipids (21). The estimated slope of the line for
rhodopsin Eact at OG concentrations >30 mM is 0.00359,
which is not statistically significantly different from zero
(P ¼ 0.934). Therefore, reduction of the phospholipid/
rhodopsin molar ratio in the micelle to 10 at 100 mM OG
and finally to 4 at 200 mM OG had no further effect on Eact.
We also calculated Eact for rhodopsin in intact, partially
solubilized, and fully solubilized disks using an alternate
method, which uses the dependence of Eact on the height
and area of the transition (31) as described in the Methods.
This allowed us to verify consistency between the two
methods. These data are also shown in Fig. 7.
Rhodopsin thermal denaturation was further investigated
using a spectroscopic rather than a calorimetric technique.
Rhodopsin exhibits a characteristic absorption maximum
at 500 nm due to the bound 11-cis-retinal. The loss of this
absorption upon thermal denaturation is termed thermal
bleaching. The rate of thermal bleaching was determined
as a function of temperature for disk membrane samples
prepared in an identical manner as for the DSC experiments
described previously. Samples were incubated at fixed
temperatures that corresponded to the onset and to the
completion of thermal denaturation as determined by
DSC. The rate of initial thermal bleaching is linear, an
example of which is shown in Fig. 8 A. The initial rate of
thermal bleaching at each temperature in intact disks and
at five OG concentrations is shown in Fig. 8 B.FIGURE 7 Eact values (determined from the scan-rate dependence of Tm
in Fig. 6) as a function of OG concentration for the thermal denaturation of
rhodopsin (black diamonds) and opsin (gray circles). The Eact values
determined from the transition peak height and area are also shown at 0,
20, and 100 mM OG (gray diamonds).If rhodopsin thermal bleaching conforms to first-order
kinetics the natural log of the concentration should be a linear
function of time. The absorbance at 500 nm can be used as
ameasure of concentration because it is directly proportional
to the rhodopsin concentration. As shown in Fig. 8 C, the
thermal denaturation of rhodopsin is consistent with first-
order kinetics in the intact disk membrane as well as at sub-
solubilizing and fully solubilizing OG concentrations.
The Eact of thermal denaturation was determined from the
dependence of the rate of thermal bleaching on temperature
at each OG concentration using the Arrhenius relationship.
This dependence of Eact determined from thermal bleaching
on the extent of membrane solubilization is shown in Fig. 8
D. The calorimetric Eact is also shown in Fig. 8 D for
comparison. The Eact of thermal bleaching in disks (OG
absent) is consistent with literature values (23). As was
found for the Eact determined from DSC data, the Eact deter-
mined from thermal bleaching data decreases dramatically
as detergent partitions into the bilayer. At subsolubilizing
OG concentrations Eact determined from calorimetric data
and Eact determined from thermal bleaching are not signifi-
cantly different (P ¼ 0.453). Furthermore, above 30 mM
OG, the amount of OG is not a statistically significant
predictor of Eact. That is, the slope of the regression line is
not significantly different from zero (P ¼ 0.225). Thus, it
appears that Eact remains constant from 30 mM to
200 mM whether it is determined by calorimetric or by
spectroscopic techniques. Although above 30 mM OG, the
two Eact determinations appear to be statistically different
(P ¼ 0.021), the important aspect for this study is that
further depletion of the phospholipid in the detergent
micelle has no effect on Eact.DISCUSSION
The bilayer lipid composition has been shown to be important
for the function and stability of membrane proteins (37).
However, the mechanism by which the membrane bilayer
exerts this stabilizing effect was not clear. Here, we investi-
gated the role of the bilayer in the kinetic stability of
rhodopsin.To this end,webuilt on anearlier study that demon-
strated that disruption of the disk membrane bilayer by solu-
bilization in the detergent OG proceeds in a well-defined
sequence (21). Rhodopsin thermal denaturation was then
examined at different stages in this sequence of disk bilayer
solubilization. During the early stages of solubilization the
protein exists in a bilayer perturbed by detergent. Upon solu-
bilization the protein exists with phospholipids in a detergent
micelle. As more detergent is added, the phospholipids avail-
able to interact with the protein in the micelle decrease. These
studies indicate that themicellar phospholipids had little or no
effect on the stability of rhodopsin.
The effect of perturbing the phospholipid bilayer with OG
is immediately apparent in the DSC thermograms as the OG
concentration is increased. As OG partitions into the bilayer,Biophysical Journal 100(12) 2946–2954
FIGURE 8 (A) Loss of absorption at 500 nm
(DA500) as a function of time. The rate of thermal
decay, k was calculated from the initial slope. (B)
Arrhenius plot for the thermal bleaching of
rhodopsin determined at concentrations of 0 (black
squares), 5 (gray squares), 10 (light gray squares),
20 (black triangles), 50 (gray triangles), and 100
(light gray triangles) mM OG. (C) Examples
showing first-order nature of thermal bleaching.
The ln of DA500 is plotted against time under the
following conditions: 0 mM OG, 344 K (circles);
20 mM OG, 336 K (diamonds); and 100 mM
OG, 324 K (triangles). (D) The Eact as a function
of OG concentration for rhodopsin thermal bleach-
ing (black squares) are plotted. The Eact values
determined from scan-rate dependence by DSC
(gray squares) are shown for comparison.
2952 Corley et al.both rhodopsin and opsin become more vulnerable to
thermal denaturation as shown by the decrease in the Tm
of the endothermic transition. The transition also broadens
as OG partitions into the bilayer. Once the disk membrane
was solubilized the ratio of phospholipids/rhodopsin in the
mixed micelles continued to decrease from ~30 phospho-
lipids/rhodopsin to ~4 phospholipids/rhodopsin as addi-
tional OG was added. However, the Tm of the endothermic
rhodopsin transition exhibited only a small decrease with
this addition of OG. The slight decrease in Tm may be attrib-
uted to the progressive loss of phospholipids that could be
interacting with rhodopsin. However, a decrease in the
size of the micelle could also affect the rhodopsin transition.
Once the rhodopsin was in a micelle the calorimetric transi-
tion did not exhibit any additional broadening. These ob-
servations suggest that the bilayer structure rather than the
phospholipids cosolubilized with rhodopsin stabilize it to
thermal denaturation. This is particularly noteworthy
because rhodopsin initially cosolubilized with ~30 phospho-
lipids, which is sufficient to form an annular phospholipid
layer around the protein (21).
The Tm of protein denaturation and the stability of the
protein are intimately related. However, it is important to
distinguish its interpretation for kinetically and thermody-
namically stable proteins. Very briefly, the Tm of kinetically
stable proteins is sensitive to the rate of heating, the scan
rate. This dependence of the Tm on the scan rate can be
used to determine the Eact (15). However, for thermodynam-
ically stabilized proteins the Tm is the temperature at which
the protein exists in equilibrium with equal concentrations
of native and denatured states. In this case, the thermody-
namic parameters can be determined. (For an in-depth
discussion of kinetically stable proteins, please see an excel-
lent review by Sanchez-Ruiz (1) and references therein.)Biophysical Journal 100(12) 2946–2954In previous studies we have shown that both opsin and
rhodopsin are kinetically stable (12,13). As such, the protein
is maintained in its native state due to an energy barrier that
inhibits the transition to the denatured state(s) that may be of
lower energy than the native state (and thus the native state
may not be at an energy minimum). The Eact approximates
the enthalpic component of this energy barrier. It is impor-
tant to distinguish this from a thermodynamically stable
protein, whose native state is typically governed by a Gibbs
free energy minimum. A high energy barrier can protect
kinetically stable proteins from sampling conformations
that lead to denatured states on a physiologically relevant
time scale. However, these proteins will eventually denature
in a time-dependent manner (1).
The data presented here demonstrate that the presence of
OG in the bilayer significantly lowers the Eact of thermal
denaturation well before full solubilization of the bilayer
regardless of the method used to calculate this value. The
Eact determined from calorimetry is statistically identical
to the Eact determined from the rate of thermal bleaching
before full solubilization. Both show the same drop in Eact
as OG partitions into the bilayer. The broadening of the tran-
sition as OG partitions into the bilayer likely reflects the
decrease in Eact of the rhodopsin thermal denaturation as
the bilayer becomes saturated with OG. Once the bilayer
is destroyed by solubilization there is no further change of
the Eact determined calorimetrically or of the Eact deter-
mined from thermal bleaching when the phospholipid/
rhodopsin ratio in the mixed micelles is reduced by further
addition of OG. This indicates that the phospholipids in the
mixed micelle do not contribute to the kinetic stability of
rhodopsin even when there are sufficient phospholipids
to form an annular layer around the protein. It is likely
that the phospholipid-rhodopsin interactions detected by
Bilayer and Rhodopsin Kinetic Stability 2953electron spin resonance (38) and NMR (39) in the intact
bilayer are disrupted during the subsolubilizing phase.
It is interesting to compare the magnitude of rhodopsin
stabilization by the intact bilayer to rhodopsin stabilization
by its chromophore, 11-cis-retinal. We have shown that
the Eact for denaturation of the apoprotein, opsin, is
~100 kcal/mol (12). Thus, the intact bilayer stabilizes
rhodopsin to a similar degree as the chromophore. Given
the magnitude of the contribution to the kinetic stability
by the bilayer and by the chromophore, it is not surprising
that solubilized opsin (no bilayer and no chromophore)
denatures very readily.
The changes in rhodopsin denaturation properties during
solubilization can be directly attributed to documented OG-
induced alterations to the disk bilayer. As OG partitions into
the membrane bilayer the disorder of the lipid phase
increases (29,40). It is likely that the disk membrane also
expands with addition of OG because phosphatidylcholine
vesicles have been shown to expand when exposed to subso-
lubilizing levels of OG (29,41). Additionally, it has been re-
ported that the elasticity of a lipid membrane can be altered
by OG due to hydrophobic mismatch (42). These observa-
tions suggest that conformational restrictions imposed by
the bilayer on rhodopsin during thermal denaturation are
likely reduced when OG partitions into the bilayer. The
data presented here suggest that it is the bilayer matrix
that exerts an important stabilizing influence on rhodopsin.
This stabilization is likely achieved at least in part by re-
stricting rhodopsin conformational freedom. This is consis-
tent with earlier studies that demonstrated the importance of
the dynamics of the hydrocarbon region of the bilayer on
rhodopsin conformational changes. In these studies the
partial free volume of the bilayer was shown to impact
rhodopsin conformational expansion induced upon expo-
sure to light (43–47).
The heat absorbed during the endothermic transition
appears unaffected by solubilization. That is, rhodopsin
absorbs the same amount of heat regardless of the presence
of OG. This suggests that the dominant factor in rhodopsin
thermal denaturation is the breakdown of interactions within
the protein structure. Because rhodopsin loses little or no
a-helical secondary structure upon thermal denaturation
(M. Katragadda and A. Albert, unpublished data), these
are likely to be hydrogen bonds that form a complex
network of helix-helix interactions and between the
rhodopsin helices and retinal (48). It is likely that any heat
absorption due to disruption of direct protein-lipid interac-
tions are too small to detect in these experiments.
The bilayer plays a complex role in the stability of
membrane proteins. This role extends well beyond simply
providing a hydrophobic environment. The bilayer is funda-
mentally a physical matrix that cannot be easily substituted
by an alternate structure such as a micelle. It encompasses
properties of the bulk lipid matrix as well as specific
protein-lipid interactions, both of which are compromisedby solubilization. Interestingly, a recent study demonstrated
rhodopsin stability in bicelles, structures that mimic the
bilayer matrix (49). The stability conferred by the funda-
mental structure of the bilayer can be adjusted by the bilayer
lipid composition. The bilayer lipid composition, especially
the presence of cholesterol can alter the Tm and Eact of
rhodopsin thermal denaturation in reconstituted membranes
(50). Furthermore, we have observed that cholesterol in
disk membranes altered the rhodopsin Tm (51) and Eact
(M. Katragadda and A. Albert, unpublished data). However,
the magnitude of changing the lipid composition on the Eact
of rhodopsin thermal denaturation is less than half that
observed upon solubilization in OG.
In conclusion, our results indicate that the membrane
bilayer stabilizes rhodopsin by increasing the kinetic
stability of rhodopsin to thermal denaturation. This kinetic
stability may be lowered with addition of detergent because
rhodopsin conformation becomes less restricted as the
bilayer becomes saturated with detergent. The phospho-
lipids in a micelle do not serve to enhance rhodopsin kinetic
stability even if there are a sufficient number to form an
annular layer. Therefore, it is likely that the stability is
derived at least in part from the structure of the bilayer
matrix and that important stabilizing protein-bilayer interac-
tions are not maintained in the micelle structure. These data
suggest that the bilayer is designed to increase the kinetic
stability of rhodopsin and thus may regulate its lifetime as
a functional protein.
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